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netic  circuit.  This  circuit  consists  of  an  E-shaped  reed  whose  center 
member  vibrates  inside  a  stationary  coil.  Unlike  previous  models  of 
the  fluidic  generator,  the  reed-coil  assembly  is  positioned  outside  the 
magnet-pole  piece  assembly  to  reduce  eddy  current  losses.  The  new  de¬ 
sign  is  capable  of  providing  0.180  W  at  210  fps  and  2.2  W  at  1000  fpa. 

This  report  describes  the  analysis  made  and  evaluates  the  design 
parameters  investigated  during  the  study. 
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FOREWORD 


The  analysis  presented  in  this  report  was  conducted  for  USA  Muni¬ 
tions  Command  under  the  Components,  Materials,  and  Techniques  (CMT) 
Program,  Department  of  Army  Project  1W262301A30000.  The  work  reported 
covers  the  period  of  March  to  July  1972  and  completes  the  objectives)  of 
this  project. 

The  author  gratefully  acknowledges  the  contributions  made  toward 
this  investigation  by  staff  member,  Dr.  Carl  J.  Campagnuolo. 
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1 .  INTRODUCTION 


This  report  discusses  a  fluidic  generator  that  uses  a  new  magnetic 
configuration  to  convert  mechanical  motion  into  electrical  energy.  Pre¬ 
vious  moaels  of  the  fluidic  generator  have  surrounded  the  coil  with  the 
pole  pieces.1  Figure  1  is  a  schematic  representation  of  previous  fluidic 
generator  models.  The  adaptation  of  this  new  magnetic  circuit  to  the 
fluidic  generator  is  shown  in  figure  2.  The  new  circuit  consists  of  an 
E-shaped  reed  whose  center  member  vibrates  inside  a  stationary  coil.  The 
reed-coil  assembly  is  positioned  outside  the  magnet-pole  piece  assembly 
to  improve  the  design  efficiency. 

A  theoretical  discussion  is  presented,  as  well  as  an  evaluation  of 
the  parameters  studied. 


Figure  1,  Schematic  diagram  of  fluidic  generator  with  ringtone  oscillator. 


Figure  2.  Schematic  diagram  of  fluidic  generator  with  new  E-frame  transducer. 


1  Kimmel,  H.S.,  "Development  of  a  Fluidic  Velocity  Sensor,"  March  1971,  Harry 
Diamond  Laboratories,  Washington,  D.C.,  HDL-TM-72-6. 
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DESIGN  AND  OPERATION  OF  E-TRAME  GENERATOR 
2 . 1  Design  Description 


Figure  2  is  a  schematic  diagram  of  an  E-frame  generator  that  oper¬ 
ates  when  air  passes  through  an  annular  orifice  into  a  resonating  cav¬ 
ity.  The  resonating  cavity  is  connected  to  a  conical  cavity  and  is 
sealed  by  a  metal  diaphragm.  The  aligned  orifice  and  closed  cavity  form 
a  ring-tone  oscillator2  that  produces  acoustical  oscillations  of  the  in¬ 
coming  air.  These  acoustical  vibrations  trigger  the  diaphragm  into  a 
mechanical  resonance.  A  connecting  rod  imparts  the  motion  of  the  dia¬ 
phragm  to  the  E-frame  reed  placed  in  the  airgap  of  the  new  magnetic  cir¬ 
cuit.  Two  flux  paths  are  generated  as  the  center  member  of  this  reed  is 
driven  between  the  poles  of  the  magnetic  circuit.  Each  flux  path  follows 
the  outer  reed  member  and  passes  through  the  pole  piece  before  returning 
to  the  center  reed  member.  The  changing  of  the  flux  fields  in  the  center 
member  of  the  E  frame  generates  the  voltage  in  the  stationary  coil. 

2.2  Description  of  Magnetic  Circuit 

The  principal  differences  between  the  earlier  magnetic  circuit  and 
the  new  magnetic  circuit  are  shown  in  figure  3.  The  earlier  circuit  has 
a  coil  contained  within  the  pole-piece  structure.  The  vibratory  motion 
of  the  reed  generates  a  differential  flux  through  the  reed  and  pole 
pieces  as  shown  by  the  dashed  arrows.  This  transducer  has  two  disadvan¬ 
tages.3  First,  the  ac  flux  component  travels  the  length  of  the  pole 
pieces,  which  are  highly  biased  by  a  dc  flux  component.  Secondly,  the 
pole  pieces  surround  the  coil  volume,  resulting  in  a  substantial  amount 
of  flux  leakage. 


MAGNET 


Figure  3.  Comparison  of  (a)  original  and  (b)  new  E-frame  magnetic  transducers. 


2  Campagnuolo,  C.J.  and  Lee,  H. ,  "Review  of  Some  Fluid  Oscillators,"  April 
1969,  Harry  Diamond  Laboratories,  Washington,  D.C.,  HDL-TR-1438. 

3  Bauer,  B.B.,  "A  Miniature  Microphone  for  Transistorized  Amplifiers,"  Journal 
of  Acoustical  Society  of  America,  Vol.  25,  pp.  867-869,  Sept  1953. 


In  the  new  design,  the  coil  is  moved  outside  the  magnetic  structure 
and  positioned  to  allow  the  center  member  of  the  reed  to  vibrate  through 
its  center.  Each  side  of  the  coil  is  bordered  by  a  relatively  station¬ 
ary  member  of  the  reed.  This  change  shortens  the  a-c  flux  path  in  the 
pole  pieces  (as  shown  by  the  dashed  arrows  in  fig.  3)  by  decoupling  the 
a-c  and  d-c  flux  fields.  The  flux  path  length  is  essentially  the  same; 
however,  the  a-c  flux  is  only  superimposed  upon  the  d-c  flux  through 
the  relatively  short  pole-piece  region.  Furthermore,  this  design  pro¬ 
vides  two  substantially  separate  magnetic  circuits  that  are  summed  in 
the  center  airgap  and  are  otherwise  complete  in  themselves.5 


3 .  THEORETICAL  CONSIDERATIONS 

Bauer  (ref  3)  analyzed  the  magnetic  circuit  shown  in  figure  4.  His 
analysis  began  with  the  amount  of  surface  area  of  the  center  member  of 
the  reed,  AR,  that  is  moved  to  the  right  a  distance  X.  The  total  flux 
(<t>i )  in  this  vibrating  member  was  determined  to  be 


♦  i 


FgX 
2R  gLg 


(1) 


where  Fg  =  magnetomotive  force  present  in  the  airgap 
X  =  distance  displaced  to  the  right 


RQ  =  reluctance  of  the  outside  airgap 
Lg  =  airgap  length 


Bm 


Figure  4.  Schematic  diagram  showing  parameters  of  the  E-frame  magnetic  circuit. 
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The  motion  of  the  certer  reed  member  generates  a  voltage  (e)  in  a 
coil  of  n  turns  proportional  to  <t>i  as  given  by 


e  -  10-  volts> 


(2) 


where  t  is  time  in  seconds . 

Combining  equations  1  and  2  yields 


10_BnF 


g  dx 


2R0Lg  dx 


volts . 


(3) 


Equation  3  shows  the  proportionality  between  the  parameters  of  the 
magnetic  circuit  and  the  availability  of  output  voltage.  This  propor¬ 
tionality  may  be  viewed  as  the  dynamic  responsiveness  of  the  magnetic 
circuit.  The  static  potential  of  this  magnetic  circuit  was  analyzed  by 
Parker  and  Studders. ^  They  made  an  analysis  of  a  similar  magnetic  ar¬ 
rangement  and  derived  an  expression  for  the  leakage  factor  Pi .  The  leak¬ 
age  factor  is  the  ratio  of  total  flux  in  the  magnet  to  the  flux  in  the 
airgap  and  is  expressed  by  the  following  quantities: 


where  vm 
Bm 


H 

H 

A 

L 


m 

g 

g 

g 


_  VmBroHm 

LgH|Ag  ’ 


magnet  volume 

magnetic  induction  of  the  magnet 
magnetic  potential  of  the  magnet 
magnetic  potential  of  the  airgap 
surface  area  of  the  reed  in  the  airgap 
airgap  distance 


(4) 


Thus,  the  magnetic  circuit  must  possess  some  optimum  amount  of 
internal  energy  that  can  be  delivered  efficiently  to  the  airgap  or 
working  medium.  For  maximum  energy  transfer,  Fi  should  approach  unity. 
Equations  3  and  4  fully  describe  the  parameters  investigated  in  this 
study. 


4.  EXPERIMENTAL  ANALYSIS 
4.1  Approach 

This  study  began  by  improving  the  amount  of  magnet  potential 
(VjaBroHj,)  within  the  confines  of  space,  weight,  and  size  considerations. 
The  reduction  of  Fi  is  then  achieved  by  increasing  the  energy  potential 


k  Parker,  R.J.  and  Studders,  P.J.,  Feraancnt  Hagnets  and  Their  Application, 
John  Wiley  and  Sons,  N.W.,  1967. 
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in  the  airgap  (LgHgJAg)  .  An  increase  in  Lg  reduces  Hg  so  that  a  compro¬ 
mise  solution  must  be  obtained.  Meanwhile  equation  3  suggests  that  Lg 
must  be  decreased  to  increase  the  output  voltage.  Physical  restrictions 
are  placed  on  the  lower  limit  of  Lg,  since  the  reed's  thickness  and  total 
displacement  must  be  less  than  Lg .  A  parametric  study  was  begun  using 
equations  3  and  4  as  a  guide  with  physical  considerations  as  constraints. 

4 . 2  Results  of  the  Parametric  Study 

The  components  of  the  E-frame  generator  are  shown  in  figure  5.  A 
test  setup  with  experimental  apparatus  used  for  the  parameter  study  is 
block  diagrammed  in  figure  6.  The  selection  of  Alnico  5  as  the  material 
for  the  permanent  magnet  optimized  the  pr'-.c'.rt  HroBm  of  the  total  flux 
potential  of  the  magnet  (HmBnVm  of  equ^t.  ..  *  ) .  Alnico  5  has  one  of  the 
highest  energy  products  per  pound  (HmLm,vto;  of  any  of  the  Alnico  magnet 
family.  The  selection  of  this  material  required  only  the  variation  of 
the  magnet  volume,  Vm,  to  maximize  the  internal  energy  potential  of  the 
magnet. 

A  E-frame  generator  was  assembled  with  unannealed  soft  iron  pole 
pieces  and  4  cm3  of  Ainico  5  magnet  material.  (This  initial  volume  was 
selected  because  previous  fluidic  generators  used  this  amount.  The  upper 
limit  of  the  magnet  volume  was  defined  by  the  space  considerations  of 
height  ar.d  diameter  of  the  transducer.)  Figure  7  shows  that  the  avail¬ 
able  output  power  at  1  psig  was  increased  from  125  to  200  mW  with  an  in¬ 
crease  of  Vm  from  4  to  6  cm3 .  The  percentage  increase  of  output  power 
decreased  over  the  operating  range  from  1  to  10  psig  and  was  attributed 
to  eddy-current  losses  in  the  pole-piece  armature.  Since  eddy-current 
losses  are  primarily  a  function  of  the  electrical  resistivity  of  the 
pole  piece,  different  pole-piece  materials  were  investigated;  and  by 
heat  treating  each  of  these  different  pole  pieces  to  eliminate  cold 
worked  stresses,  improved  magnetic  properties  could  be  achieved.  The 
materials  for  this  study  included  soft  iron  and  49-percent  nickel  steel. 
The  electrical  resistivity  of  soft  iron  is  10  u$)/cm,  whereas  49-percent 
nickel  steel  is  45  ufl/cm.  Figure  8  shows  the  results  of  these  pole- 
piece  materials  with  6  cm3  of  magnet  material.  As  shown,  the  annealed 
49-percent  nickel  steel  produced  0.270  W  at  1  psig  and  1.375  W  at  8  psig. 


POLE  PIECE 


Figure  5.  Components  of  E-frame  fluidic  generator. 
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Figure  8.  Effects  of  pole  piece  material  upon  output  power. 


Figure  9  shows  the  effects  of  varying  the  magnetic  flux  in  the  vi¬ 
brating  reed  This  parameter  change  was  accomplished  by  decreasing 

the  intrusion  of  the  outside  reed  into  the  constant  cross-section  airgap 
(A„) ,  along  with  an  increase  in  the  width  of  the  airgap  (Lg).  The  origi¬ 
nal  configuration  had  0.045  in.  airgap  with  all  members  of  the  reed  in¬ 
truding  a  distance  of  0.115  in.  into  this  airgap.  As  the  outer  members 
of  the  reed  were  shortened  (0.200  in.)  so  that  they  became  a  maximum  dis¬ 
tance  of  0.085  in.  away  from  the  pole  piece,  the  output  increased  only 
slightly.  The  greatest  increase  occurred  when  the  airgap  was  increased 
to  0.055  in.  The  combination  of  locating  the  outer  members  a  distance 
of  0.085  in.  away  from  the  pole  piece  and  the  inner  member  a  distance  of 
0.115  in.  into  this  0.055  in.  airgap  produced  0.275  W  at  1  psig  and 
1.75  W  at  9  psig. 

Equation  3  suggests  that  the  reduction  in  the  reluctance  (R0)  of 
the  airgap  increases  the  output  voltage.  Reluctance  is  dependent  upon 
the  cross-sectional  area  of  the  airgap  and  the  amount  of  surface  area 
of  intrusion  of  the  reed,  AR.  Figure  10  shows  the  results  of  varying 
the  intrusion  of  the  reed  into  the  airgap.  The  airgap  length  for  these 
tests  was  held  constant  at  0.055  in.  and  the  cross-sectional  area  of 
the  airgap,  Aq,  was  held  constant  at  0.075  in*.  As  the  center  reed 
member  was  reduced  from  a  length  of  0.23C  to  0.180  in.  (so  that  the 
amount  of  intrusion  was  u.180  -  0.115  *•  -.065  in.) 

Ar  =  width  of  reed  member  *  intrusion  into  airgap 
=  0.300  x  0.065  =  0.195  in.*, 

the  output  power  increased.  Next,  the  outside  E-frame  members  were 
lengthened  an  additional  0.010  in.  until  they  became  0.065  in.  away 
from  the  airgap.  The  net  effect  of  varying  the  E-frame  members  is 
shown  in  figure  10,  where  the  output  power  was  increased  to  0.4  W  at 
1  psig  and  2.0  W  at  8  psig. 
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Figure  9.  Effects  of  airgap  size  and  reed  location  versus  output  power 


Figure  11  ,*5hows  the  results  of  increasing  the  airgap  in  the  vicin¬ 
ity  of  the  center-  and  outer-reed  members.  Initially,  the  airgap  was 
uniform  at  0.055  in.  The  airgap  was  increased  to  0.065  in.,  increasing 
Lg  and  thus  resulting  in  a  decrease  of  output  power.  The  center  airgap 
was  returned  to  0.055  in.,  and  the  outside  airgaps  were  increased  to 
0.0? j  in.  The  increased  outside  airgaps  further  reduced  the  reluctance 
(R0)  and  increased  the  amount  of  magnetomotive  force  within  the  center 
airgap.  Other  airgap  combinations  were  investigated,  but  those  with 
0.075-in.  outside  and  0.055-in.  inside  airgaps  provided  the  largest 
output  power  of  0.5  W  at  1  psig  and  increased  to  a  respectable  1.35  W 
at  9  psig  as  shown  in  figure  11. 


2  4  6  8  10  12 

PRESSURE  (psig) 


Figure  11.  Effects  of  airgap  sizes  versus  output  power. 


The  last  parameter  studied  was  the  location  of  the  coil.  From  equa¬ 
tion  3,  the  amount  of  available  voltage  is  proportional  to  dx/dt.  Figure 
12  shows  the  results  of  varying  the  position  of  the  coil.  The  maximum 
output  is  achieved  when  the  coil  is  placed  closest  to  the  pole  pieces. 
This  allows  the  maximum  displacement  of  the  vibrating  center-reed  member 
within  the  coil.  The  method  of  attaching  the  connecting  rod  to  the  cen¬ 
ter  of  the  reed  prevented  the  movement  of  the  face  of  the  coil  to  a  dis¬ 
tance  less  than  0.085  in.  from  the  center  line  of  the  connecting  rod. 
However,  the  positioning  of  the  coil  combined  with  the  otner  parameter 
changes  resulted  in  an  energy  transformation  of  0.575  W  at  1  psig  and 
2.2  W  after  8  psig. 
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Figure  12.  Effects  of  coil  position  versus  output  power. 
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5.  SUMMARY 


A  parametric  investigation  has  been  conducted  to  develop  a  new  mag¬ 
netic  transducer  for  the  fluidic  generator.  The  investigation  was  guided 
by  the  design  equations  analyzing  the  magnetic  circuit.  Although  only  a 
preliminary  analysis  was  performed,  the  resultant  fluidic  generator  shown 
in  figure  13  produced  more  power  than  a  single  conventional  transducer. 
Converting  pressures  to  velocity  (fps)  at  sea  level  provides  an  indica¬ 
tion  of  the  usefulness  of  this  new  E-frame  fluidic  generator.  As  shown 
in  figure  14,  the  design  is  capable  of  providing  0.180  W  at  210  fps  and 
2.2  W  at  1000  fps. 


Figure  13.  An  assembled  fluidic  generator  modified  with  an  E-frame  transducer. 
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